The sympathetic nervous system (SNS) plays an essential role in the regulation of metabolic and cardiovascular homeostasis. Low SNS activity has been suggested to be a risk factor for weight gain and obesity development. In contrast, SNS activation is characteristic of a number of metabolic and cardiovascular diseases that occur more frequently in obese individuals. Until recently, the relation between obesity and SNS behavior has been controversial because previous approaches for assessing SNS activity in humans have produced inconsistent findings. Beginning in the early 1990's, many studies using state of the art neurochemical and neurophysiological techniques have provided important insight. The purpose of the present review is to provide an overview of our current understanding of the regional specific alterations in SNS behavior in human obesity. We will discuss findings from our own laboratory which implicate visceral fat as an important depot linking obesity with skeletal muscle SNS activation. The influence of weight change on SNS behavior and the potential mechanisms and consequences of region specific SNS activation in obesity will also be considered.
Introduction
Obesity is a major public health problem. Approximately 65% of the U.S. population and 1 billion people worldwide are considered overweight or obese and at increased risk for metabolic and cardiovascular diseases (WHO, 1997) . Obesity is much more than a cosmetic issue given its association with poor quality of life and reduced life expectancy (Peeters et al., 2003) . In addition, obesity-related illnesses place a considerable burden on the economy by increasing rates of health care usage and associated costs. As much as 9.1% of all total health care expenditures and approximately 39.2 million lost work days each year have been attributed to obesity (Finkelstein et al., 2003) .
The sympathetic nervous system (SNS) plays an essential role in the regulation of metabolic and cardiovascular homeostasis. Low SNS activity has been suggested to be a risk factor for future weight gain and obesity development (Ravussin and Tataranni, 1996) . In contrast, SNS activation is characteristic of a number of metabolic and cardiovascular disorders, many of which occur more frequently in obese individuals. Obesity potentiates SNS activation in patients with hypertension (Grassi et al., 2000) and congestive heart failure (Grassi et al., 2003) , and heightened SNS activity is associated with adverse clinical outcomes in these populations , Schlaich et al., 2003 .
The present review will focus on the evidence linking obesity with activation of the SNS and the particular insight provided by neurophysiological and neurochemical techniques. We will provide a brief overview of some of the major experimental techniques available to study region specific SNS behavior in humans, discuss the potential mechanisms and consequences of alterations in SNS behavior in obesity and discuss recent findings from our laboratory using overfeeding-induced weight gain as an experimental approach to better understand these issues. Finally, we will conclude our review with recommendations for future investigation.
Overview of Basic Anatomy and Physiology of the Sympathetic Nervous System
The motor outflow of the SNS originates almost exclusively in the intermediolateral cell column of the thoracic and upper lumber spinal cord (Loewy and Spyder, 1990) . The relatively short axons of preganglionic neurons exit the spinal cord at the segment where their cell bodies reside and pass first in the ventral roots and subsequently in the white communicating rami to synapse with postganglionic neurons in the sympathetic ganglia. Acetylcholine is the predominate neurotransmitter released from sympathetic preganglionic nerves. Some preglanglionic axons bypass the sympathetic ganglion without synapsing and directly innervate the adrenal medulla via the splanchnic nerve. The postsynaptic or postganglionic neurons have long axons that extend to innervate target organs such as the blood vessels, kidney, heart, and other tissues and organs. The primary neurotransmitter of postganglionic sympathetic neurons is norepinephrine (NE), although several bioactive peptides, such neuropeptide Y, may be coreleased.
In contrast to early views that activation of the SNS occurs in a global "all or none" fashion (Cannon, 1915) , there is now considerable evidence that SNS outflow is regulated in a highly tissue specific manner (Morrison, 2001) . Sympathetic nervous system outflow to one region may not reflect the magnitude or even the direction of SNS outflow to another. The cardiovascular and metabolic responses to SNS activation include vasoconstriction of blood vessels and increased oxygen consumption and substrate mobilization in tissues and organs.
Methods for Quantifying Sympathetic Nervous System Behavior
The methods for quantifying SNS activity in humans each possess distinct advantages and disadvantages with respect to sensitivity, reproducibility, invasiveness, and technical difficulty. In the sixty years following von Euler's identification of NE as the primary neurotransmitter released from sympathetic nerves (von Euler, 1948) , countless investigators have sought to exploit this finding for the purpose of quantifying SNS activity. Urinary NE (and metabolite) excretion measurements are noninvasive and relatively easy to obtain but are limited as a measure of SNS activity is due to its lack of sensitivity and dependence on renal function (Kopin, 1985) . In addition, urinary NE measurements may provide some insight into "chronic" SNS activity but are not particularly useful for studying responses to acute stress (Dimsdale and Ziegler, 1991) . In contrast, plasma NE concentrations tend to be more useful as indirect measure of SNS activity during acute stress. Unfortunately, the general applicability of plasma NE concentrations suffers from some important limitations. First, the NE entering circulation comprises only a small fraction of that released from presynaptic sympathetic varicosities and plasma NE concentrations do not provide insight into regional behavior of the SNS (Esler et al., 1988) . Second, plasma NE concentrations are dependent on the rate of clearance from the circulation and not simply the rate of NE release (Esler et al., 1988) . Finally, plasma NE concentrations have limited reproducibility, particularly when compared with other direct measures of SNS activity (Grassi et al., 1997) .
In light of these limitations, isotope dilution methods have been developed to assess regional NE spillover (i.e., the amount of NE secreted by presynaptic terminals that enters into the circulation of a particular tissue or organ). Regional NE spillover rate can powerful provide insight into the SNS behavior of virtually every tissue/organ accessible by catheterization (Esler et al., 1988 , Esler et al., 1990 . Adrenal epinephrine secretion can be assessed using similar methodology. Measurements of whole body NE spillover provide a measure of global SNS outflow (Esler et al., 1988) , although it is important to emphasize that these measurements will be influenced by the net effect of SNS outflow to all the individual tissues/organs innervated by the SNS (i.e., regional NE spillovers). In the hands of appropriately trained individuals, these measurements exhibit excellent reproducibility and sensitivity. However, there are some limitations of using regional NE spillover as a measure of SNS activity. The technique is invasive and relies on a number of assumptions which vary in the degree to which they are upheld under different conditions (Esler et al., 1988) . In addition, NE spillover measurements can be influenced by factors other than sympathetic nerve traffic such as presynaptic modulation (Gothert, 2003) , metabolism of NE, and changes in blood flow (Esler et al., 1990) . Thus, the main challenge in interpreting these measurements lies with discriminating any observed changes (or differences) in SNS activity due to alterations in sympathetic nerve traffic from those attributable to other factors. Importantly, the addition of measurements of the spillover of NE metabolites can provide important insight into the processes that lie close to or within sympathetic nerve endings . Similarly, measurements of regional blood flow can provide important insight in determining the degree to which differences in blood flow between comparison groups or conditions represents a confounding factor.
In contrast to the above mentioned methods for assessing SNS activity in humans, the microneurographic technique provides a direct measure of efferent postganglionic sympathetic nerve traffic Fagius, 1988, Vallbo et al., 2004) . The technique involves the percutaneous insertion of a tungsten microelectrode into a skin or peripheral skeletal muscle nerve fiber (most commonly, the peroneal nerve). Microneurographic recordings are extremely sensitive and highly reproducible (Wallin et al., 1993) and both single- (Macefield et al., 2002) or multi-unit (Wallin and Fagius, 1988 ) recordings can be obtained. As with NE spillover measurements, microneurographic recordings can be obtained under quite resting conditions or in response to a variety of stressors. Although minimally invasive, the quality of the recordings depend on a host of factors including technical proficiency of the investigator, characteristics of the electrode, proximity of the microelectrode to the active nerve fiber, processing of the signal, and the cooperation of the subject. Importantly, microneurographic recordings are limited to postganglionic axons which lie close to the skin and are accessible by microelectrodes.
The value of the above mentioned methods for measuring SNS activity in humans can be enhanced by their combination. For example, combing microneurographic measurements with norepineprhine spillover measurements to skeletal muscle and/or plasma NE concentrations can provide insight into a broader aspect of sympathetic function; from action potential to neurotransmitter release and accumulation. Furthermore, the addition of target organ effect responses allow the consequences of sympathetic stimulation to be evaluated. The methods available for assessing effector responses to sympathetic stimulation are beyond the scope of this review. However, it is important to emphasize that none of the above mentioned methods for assessing SNS behavior provide insight into the target organ effector response to sympathetic stimulation.
Sympathetic Nervous System Behavior in Obesity: A Brief History
Historically, there have been two hypotheses regarding the nature of the predominate abnormality in SNS behavior in human obesity. Bray (Bray, 1991) used the acronym "MONA LISA" to describe his hypothesis that Most Obesities kNown Are Low In Sympathetic Activity. This view was based primarily on experimental evidence in rodents that exhibited low SNS activity and morbid obesity following lesions in the ventromedial hypothalamus. As such, low SNS activity was considered causal in the development of obesity. In contrast, Landsberg (Landsberg, 1986) viewed SNS activation targeting the heart, blood vessels and kidneys as a critical link to the well documented relation between obesity and hypertension (Hall, 2003, Davy and Hall, 2004 ).
Young and Macdonald (Young and Macdonald, 1992) reviewed over 40 human studies conducted prior to 1991 in an attempt to clarify whether obesity was associated with elevated or reduced SNS activity. The published literature supported both hypotheses as well as the possibility that no difference in SNS activity was evident in normal weight and obese individuals. However, several limitations of this literature were evident. The most significant limitation was that plasma NE concentrations were used as a measure of SNS activity (see above under "Methods to Assess Sympathetic Nervous System Behavior in Humans"). In addition, most of these studies failed to appropriately screen obese participants for the presence of overt metabolic and cardiovascular disease and none had considered the possibility that body fat distribution might contribute to individual differences in SNS behavior. As such, this literature should be considered cautiously and with these limitations in mind.
Region Specific and Whole Body Sympathetic Nervous System Behavior in Obesity
As emphasized above, SNS outflow is highly differentiated and elevated SNS ouflow to one organ may not be not be similar in magnitude or direction to SNS outflow targeting other organs. Therefore, any discussion of the SNS should consider the potential for regional specificity. In this regard, the availability of state-of-the-art neurochemical and neurophysiological techniques has improved our current understanding of the regional alterations in SNS outflow in obesity.
Cardiac SNS activity (i.e., cardiac NE spillover rate) is ∼50% lower in obese compared with nonobese normotensive humans (Vaz et al., 1997) . However, cardiac SNS activity is twofold higher in hypertensive compared with normotensive obese and 25% higher compared with normal weight subjects. SNS activity to the kidney is also higher in obese compared with nonobese normotensive individuals (Vaz et al., 1997) (Figure 1) , and there is a strong linear relation between body mass index (i.e., total body adiposity) and renal NE spillover rate (Vaz et al., 1997) .
Neither SNS activity to the splanchnic region nor adrenal epinephrine secretion appear to be noticeably altered in human obesity (Vaz et al., 1997) , but NE spillover rate in white adipose tissue is reduced in obese compared with nonobese individuals (Coppack et al., 1998) .
There is now considerable evidence based on direct recordings of post-ganglionic muscle sympathetic nerve activity (MSNA) supporting a link between body fat levels and SNS activity. The results of numerous studies indicate that obese humans demonstrate ∼50-100% higher levels of MSNA compared with their non-obese peers (Spraul et al., 1993 , Scherrer et al., 1994 , Spraul et al., 1994 , Gudbjornsdottir et al., 1996 , Grassi et al., 2000 , Weyer et al., 2000 , Alvarez et al., 2002 . In contrast, Hugget et al. (Huggett et al., 2005) reported that MSNA was not elevated in overweight individuals. The reason(s) for this apparent discrepancy is not entirely clear but could be due, in part, to the selection of a group of overweight subjects with a primarily subcutaneous obese phenotype (see below under "6. Sympathetic Neural Activation in Obesity: Role of Abdominal Visceral Fat").
Given the regional heterogeneity of SNS activation in obesity, it should not be surprising that the available evidence suggests that whole body SNS activity is not consistently altered in obesity (Vaz et al., 1997 , Coppack et al., 1998 , Rumantir et al., 1999 .
Sympathetic Neural Activation in Obesity: Role of Abdominal Visceral Fat
There is considerable interindividual variability in MSNA among subjects of similar age, gender and body mass index (Scherrer et al., 1994) , but the reason(s) for this has/have been unclear until recently. We have observed ∼40% higher levels of MSNA in normotensive men with higher compared with lower abdominal visceral fat (via computed tomography) despite similar age, total fat mass, and abdominal subcutaneous fat (Alvarez et al., 2002) (Figure 2 , top panel). In our study, MSNA was more closely associated with abdominal visceral fat (r=0.65, P<0.05, Figure 2 , bottom panel) than with total fat mass (r=0.323, P<0.05) or abdominal subcutaneous fat (r=0.27, P=0.05). Importantly, the relation between skeletal MSNA and abdominal visceral fat was independent of total body fat (partial r=0.61, P<0.05). In contrast, MSNA was not increased in subcutaneous obese compared with non-obese men with similar levels of abdominal visceral fat (Figure 3 , top panel). However, abdominal visceral fat remained the only significant body composition or regional fat distribution related correlate in this pooled sample of men (r=0.45, P<0.05; Figure 3 , bottom panel). Moreover, the relation between abdominal visceral fat and MSNA was also evident in normal weight (i.e., body mass index<25 kg/m 2 ) humans (r=0.58, P<0.05) . Unfortunately, there is currently no information available regarding alterations in whole body SNS or SNS activity targeting other regions in visceral obesity.
Gender-and age-related differences in body fat distribution may be important in understanding corresponding differences in MSNA between women and men, and between young and older adults (Ng et al., 1993) . Jones and colleagues (Jones et al., 1996) reported that the gender difference in MSNA was no longer present after adjusting for differences in the waist-to-thigh ratio. Similarly, age-related differences in MSNA are reduced after adjusting for differences in waist circumference between young and older men (Jones et al., 1997a , Jones et al., 1997b . Whether the greater abdominal visceral fat accumulation that is characteristic of the metabolic syndrome, type 2 diabetes and hypertension also contributes to the higher MSNA levels observed in these disorders is not known.
Weight Change and Sympathetic Neural Behavior
Cross-sectional studies have provided much needed insight on the relation between obesity and SNS activity in humans. However, the results of one study suggest that MSNA may not be elevated in overweight humans (Huggett et al., 2005) . In addition, whether the higher MSNA observed in obese individuals is genetically determined and, perhaps, part of a phenotype that is evident prior to significant weight gain and obesity is not clear. We recently reported that modest overfeeding induced weight gain increased MSNA in healthy nonobese males ( Figure  4 ) and that the magnitude of increase was related to the amount of body weight and fat gained ( Figure 5 ). Importantly, these findings suggest that individuals who gain even modest amounts of weight demonstrate increases in SNS activity regardless of whether they become obese.
Overfeeding induced weight gain may provide an insightful model to study the mechanisms mediating the relation between adiposity and SNS activation. As such, investigators could determine the causative role of a number of putative sympathoexcitatory molecules. For example, one could test the hypothesis that angiotensin II contributes to the SNS activation that occurs with weight gain (see below "8. Potential Mechanisms of Sympathetic Nervous System Activation in Obesity"). To address this, one could randomize subjects (normal weight or obese) to receive an angiotensin II receptor blocker or placebo and measure SNS activity (e.g., MSNA or renal NE spillover) before and following a period of weight gain. This approach is deemed more definitive than determining whether the reduction in MSNA with angiotensin II receptor blockade is greater in obese compared with nonobese because the former approach avoids potential differences in baseline SNS activity (in normal weight and obese), which can make interpretation of the responses to an intervention challenging. In addition, ensuring that a similar degree of blockade was achieved in lean and obese individuals would not be necessary if the weight gain model were utilized. Parenthetically, a similar but perhaps more acceptable approach would be to intervene during spontaneous weight regain following weight loss.
Weight loss is associated with a reduction in MSNA (Grassi et al., 1998 , Trombetta et al., 2003 , Straznicky et al., 2005 and whole body NE spillover (Schwartz et al., 1990) . Unfortunately, there is currently no information available on whether weight loss lowers SNS activity to the kidney or other tissues/organs.
Potential Mechanisms of Sympathetic Nervous System Activation in Obesity
There are numerous potential mechanisms that could link obesity with SNS activation in humans ( Figure 6 ). Chronic activation of supra-bulbar subcortical noradrenergic neurons has been suggested to contribute to peripheral SNS activation in heart failure (Lambert et al., 1995) , essential hypertension (Ferrier et al., 1992) , and aging (Esler et al., 2002) . Thus, it is possible that this may also be a potential mechanism contributing to SNS activation in obesity. Unfortunately, the available evidence (Lambert et al., 1999) suggests this is not the case. However, whether brain NE spillover is increased in individuals with visceral obesity has not been determined to our knowledge.
Insulin circulates in proportion to body fat stores and acts on key brain regions to reduce food intake and increase energy expenditure (via sympathetically mediated thermogenesis) (Schwartz and Porte, 2005) . Obesity, particularly visceral obesity, is frequently associated with hyperinsulinemia and, as such, insulin could contribution to elevated MSNA in these individuals. However, several lines of evidence suggest otherwise. First, fasting insulin concentrations have been related to MSNA in some (Scherrer et al., 1994 , Monroe et al., 2000 , Weyer et al., 2000 but not all studies . Second, intranasal delivery of insulin, which does not accumulate systemically, appears not to increase MSNA (Benedict et al., 2005) . Third, acute insulin infusions increase MSNA in humans (Anderson et al., 1991) , but the potential confound of baroreflex-mediated adjustments to systemic vasodilatation render these findings inconclusive. Finally, Scherrer et al. (Scherrer and Owlya, 1996) reported that MSNA was not increased in an insulinoma patient whose fasting insulin concentrations were dramatically elevated. In addition, surgical removal of the insulinoma did not reduce MSNA despite normalization of fasting insulin concentrations. Therefore, the role of endogenous hyperinsulinemia in producing tonically elevated MSNA in obesity remains unclear.
Leptin, the product of the OB gene, is another potential neurohumoral signal that could contribute to the elevated kidney or skeletal muscle SNS activity observed in obese humans. Leptin, which is secreted from adipocytes in proportion to fat mass, acts on hypothalamic neuronal targets to reduce energy intake and increase energy expenditure (Ahima and Flier, 2000) . In rodents, leptin exerts influences on cardiovascular and renal function that are sympathetically-mediated (Haynes, 2000 , Hall, 2003 . In addition, acute infusions of leptin in rodents produces large increases in SNS outflow to brown adipose tissue, the kidney and lumbar vascular beds (Haynes, 2000) . Chronically, leptin infusions produce significant sympathetically mediated blood pressure elevations in experimental animals (Hall, 2003) . However, whether hyperleptinemia could be a potential mechanism contributing to SNS activation (and BP) elevations in obese humans is unclear. Leptin concentrations have been inconsistently related to MSNA (Snitker et al., 1997 , Monroe et al., 2000 . In addition, expression and secretion of leptin is lower in visceral compared with subcutaneous adipocytes (Russell et al., 1998) and circulating concentrations of the protein are similar in humans with higher compared with lower abdominal visceral fat but similar total and subcutaneous abdominal fat (unpublished observations). In addition, MSNA is similar in subcutaneous obese men and normal weight controls, despite three-fold higher leptin concentrations in the former (Figure 4, bottom panel) . Thus, the available evidence does not appear to support an obvious role for leptin signaling in mediating the SNS activation observed in human obesity.
Obesity is associated with activation of the renin-angiotensin-aldosterone system. The results of animal studies indicate that angiotensin II can act centrally to increase SNS activity (Reid, 1992) . As such, it is possible that angiotensin II could increase SNS activity in a similar manner in obese humans. Muscle sympathetic nerve activity increases with angiotensin II infusion (Matsukawa et al., 1991) and decreases with angiotensin converting enzyme inhibition (Miyajima et al., 1999) in normotensive humans. Furthermore, multiple components of the renin-angiotensin system are expressed in adipose tissue and angiotensinogen, the major substrate for angiotensin II formation, is expressed to a greater extent in visceral than subcutaneous adipocytes (Engeli et al., 2000) . Thus, increased angiotensin II could contribute to SNS activation in visceral obesity. Unfortunately, there is no direct experimental support for this possibility at the present time. However, the observation that angiotensin II receptor blockade reduces MSNA in obese hypertensive humans (Grassi et al., 2003) is consistent with, but does not definitively support, this concept.
The arterial baroreflex exerts a strong tonic inhibitory influence on SNS activity. Therefore, a reduction in this inhibitory influence could contribute to the higher SNS activity to muscle and kidney in obesity. However, in contrast to previous reports (Grassi et al., 2000) , we (Alvarez et al., 2002) recently found that sympathetic baroreflex gain was not reduced in men with visceral obesity nor associated with any measure of total or regional adiposity. Furthermore, whether sympathetic baroreflex sensitivity determined from acute pharmacological perturbations of blood pressure has any relation with the long-term tonic influence of the arterial baroreflex on SNS activity is unclear. Nonetheless, the role of baroreflex function in the SNS activation that accompanies obesity needs to be explored further.
Visceral obesity has been hypothesized to be a neuroendocrine disorder characterized by dysregulation of hypothalamic-pituitary-adrenal axis and parallel activation of the SNS (Bjorntorp et al., 2000) . Whether dysregulation of the HPA axis is critical to the activation of the SNS in the context of obesity is unclear. Acute infusion of adrenocorticotropin, a proopiomelanocortin hormone, increases MSNA in humans (Dodt et al., 1998) and one week of dexamethasone treatment produces greater reductions in MSNA in obese compared with nonobese individuals (Grassi et al., 2001) . However, it is important to emphasize that the specific sites of action of dexamethasone are unclear.
Obesity is an important risk factor for obstructive sleep apnea (Young et al., 2002) and obstructive sleep apnea appears to be more closely associated with visceral obesity than total adiposity (Vgontzas et al., 2003) . Narkiewicz et al. (Narkiewicz et al., 1998) reported that obesity, in the absence of obstructive sleep apnea, was not associated with elevated MSNA. Subsequently, Grassi et al. (Grassi et al., 2005) demonstrated, in a much larger sample, that MSNA was significantly increased in obese compared with nonobese subjects without sleep apnea. Therefore, while the presence of obstructive sleep apnea appears sufficient to produce, even augment, SNS activation in obese humans, its presence does not appear necessary for the full expression of the sympathoexcitatory phenotype observed in "uncomplicated" obesity.
Potential Consequences of Sympathetic Nervous System Activation in Obesity
The consequences of the region specific alterations in SNS activity in obese individuals have not been determined. However, there are several possibilities. First, the lower cardiac SNS activity observed in obese individuals (Vaz et al., 1997 , Rumantir et al., 1999 ) may be cardioprotective, although the impact on total energy expenditure would be inconsequential. In addition, it is important to emphasize that the net impact of autonomic outflow on arrhythmogenesis in obesity remains unclear, in part, because cardiac vagal outflow is reduced in obesity (Arrone et al., 1995) . Furthermore, the results of pharmacological studies suggest that cardiac SNS activity is higher, not lower, in obese compared with normal weight individuals (Arrone et al., 1995) . The reasons for these discrepancies with the cardiac NE spillover studies (Vaz et al., 1997 , Rumantir et al., 1999 are unclear, but upregulation of β-adrenergic receptors in response to low tonic cardiac SNS outflow is one possibility.
Second, the sympathetic nervous system innervates white adipose tissue and plays an important role in lipid mobilization (Bartness and Song, 2007) . In humans, stimulation of the lateral femoral cutaneous nerve elicits lipolysis in the innervation area (Dodt et al., 1999) . This lipolytic response is attenuated in obese individuals (Dodt et al., 2000) . Whether the reduced SNS activity to white adipose tissue observed in obese subjects (Coppack et al., 1998) contributes to a corresponding lower basal rate of lipolysis (relative to fat mass) (Klein et al., 1988) is not known. In addition, SNS activity to white adipose tissue also has an inhibitory influence on fat cell proliferation (Bartness and Song, 2007) . Therefore, it is also possible that the lower SNS activity to white adipose tissue in obesity may be associated with fat cell proliferation (Bartness and Song, 2007) . However, it is important to emphasize that it is not known whether SNS activity to white adipose tissue is specifically reduced in different obesity phenotypes (e.g., visceral obesity).
Third, the higher MSNA observed in obese humans may be associated with enhanced sympathetic vasoconstrictor tone. In addition, upper body obesity appears to be associated with a different hemodynamic phenotype than lower body obesity. Individuals with an upper body fat distribution pattern demonstrate a lower cardiac output and higher systemic vascular resistance compared with individuals with a lower body fat distribution pattern (Jern, 1992) . These observations are consistent with recent findings by Charkoudian et al. (Charkoudian et al., 2005) which suggest that there is balance between cardiac output and MSNA among healthy, normotensive individuals. Those individuals with a lower cardiac output exhibit higher levels of MSNA at rest. In turn, systemic vascular resistance is proportional to the level of MSNA. Thus, it is possible that the higher systemic vascular resistance observed in visceral obesity is due, at least in part, to higher MSNA and augmented sympathetic vasoconstrictor tone. Importantly, this may place individuals with visceral obesity at higher risk for developing hypertension.
Fourth, there is increasing evidence that the SNS plays an important role in the pathophysiology of obesity hypertension (Esler et al., 2001 , Hall, 2003 . However, SNS activity to the kidney (Vaz et al., 1997 , Rumantir et al., 1999 and skeletal muscle (Spraul et al., 1993 , Scherrer et al., 1994 , Spraul et al., 1994 , Gudbjornsdottir et al., 1996 , Grassi et al., 2000 , Weyer et al., 2000 , Grassi et al., 2001 , Alvarez et al., 2002 is elevated even in obese normotensive humans. Thus, SNS activity to these organs, particularly the kidney, is likely necessary but does not appear sufficient for the full expression of hypertension, at least by the standard clinical definition of 140/90 mmHg. However, it is possible that obesity may shift the population distribution of blood pressure to the right such that while many obese individuals have normal blood pressure (i.e.,< 140/90 mmHg) their arterial blood pressure is higher than would be expected at a lower body weight or level of adiposity. Importantly, the cardiovascular disease risks associated with elevated blood pressure appear to begin to increase at 115/75 mmHg (Lewington et al., 2002) . Therefore, heightened SNS activity may raise arterial blood pressure in susceptible individuals (e.g., those with visceral obesity) into the prehypertensive range. Whether the duration of obesity, magnitude of SNS activation or other factors are important in determining which obese individuals ultimately develop hypertension remains unclear.
Finally, Landsberg (Landsberg, 1986) postulated that the increase in SNS activity that occurs with fat accumulation serves the homeostatic role of stimulating thermogenesis to prevent further weight gain. Although there is little information to support this idea in humans, both MSNA and energy expenditure are elevated in obese humans and MSNA is an important determinant of 24-hr energy expenditure in Caucasians but not Pima Indians (Spraul et al., 1993) . In addition, low SNS activity may be a risk factor for future weight gain in Pima Indians (Ravussin and Tataranni, 1996) . Interestingly, MSNA is lower than predicted based on total adiposity in individuals with a subcutaneous obesity phenotype . However, it is not known whether these individuals also demonstrate reduced energy expenditure and, as such, are predisposed to further weight gain.
Future Directions
There are many important avenues for future research but those considered to be most important included determining: 1) if low SNS activity to certain tissues/organs predisposes to weight gain; 2) if SNS activity to the kidney (or other regions) increase with weight gain; 3) the mechanisms responsible for SNS activation to skeletal muscle (or other regions) with weight gain (in obesity); and 4) the consequences of SNS activation to skeletal muscle (or other regions) with weight gain (in obesity).
Summary
In conclusion, the existing paradigms are not entirely consistent with our current understanding of SNS behavior in obese humans. Low sympathetic activity to some regions (e.g., skeletal muscle and adipose tissue) may be a risk factor for weight gain and obesity development. However, the contribution of the SNS is likely small and relevant in only certain susceptible individuals under conditions of positive energy balance. Nonetheless, there is considerable regional heterogeneity in the SNS activation associated with obesity. The renal and skeletal muscle circulations, but not the heart, appear to be primary targets for SNS activation.
Abdominal visceral fat appears to be an important depot linking obesity and MSNA. However, the impact of this depot on SNS activity to the kidney or other regions is unknown. The available evidence does not consistently support a role of insulin or leptin in contributing to the SNS activation in human obesity. However, the limited evidence available suggests that the role of hypothalamic-pituitary-adrenal axis dysregulation or renin-angiotensin system activation may be worth pursuing further. The consequences of SNS activation in normotensive obese individuals are also unclear but may include blood pressure elevation to a level that is associated with elevated cardiovascular risk (i.e., above 115/75 mmHg). Both weight gain and loss are associated with predictable changes in skeletal muscle SNS activity but the impact on SNS to other tissues/regions has not been studied. Potential mechanisms contributing to sympathetic nervous system activation in obesity (Davy and Hall, 2004 
